This study investigates numerically the local thermal nonequilibrium conditions among the Cu-H2O nanofluid and the Aluminum foam porous matrix for the unsteady free convective flow within an enclosure of right-angle trapezoidal type. For mathematical formulation, the horizontal walls of the enclosure are well-thought-out to be adiabatic while having dissimilar temperatures for the vertical and inclined walls. To gain the physical insight of the problem, the dimensionless constitutive equations are simulated by means of finite element method (FEM) using Comsol Multiphysics a pde solver. For jurisdiction of the obtained numerical results, we compared them with the available works in the literature and a noble covenant is accomplished. The simulated data for isotherms and dimensionless temperature profiles along lines = and = 2 − 0.05 inside the cavity are displayed for different key parameters. The results show that Nield and Darcy numbers are the key parameters which strongly control the state of local thermal nonequilibrium among the solid matrix and the nanofluid.
INTRODUCTION
Nanofluids are new type of fluids [1] engineered by mixing base fluids and solid nanoparticles which exhibit practical uses in innumerable areas of engineering, science and technology [2] [3] . Due to the real world applications significant researches have been done on heat transfer in nanofluid in various geometries considering numerous flow and different thermal conditions [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . For the past several years' studies of nanofluids in porous medium became a topic of active research for the scientists and engineers' since their many applications in different fields, such as manufacture of thermal isolators, geothermal systems, drying technologies, cooling of electronic equipment, heat exchangers, nuclear reactors design, solar collectors, etc [14] [15] . Vafai [16] [17] , and Vadasz [18] have documented extensive literature on transport in porous media. Thus, using porous media together with nanofluid is extremely suited for the usage in practical heat transfer procedures due to its large potential for heat transfer augmentation [19] [20] [21] . This also obtains a chance for engineers to improve different compact and operative heat transfer devices. It was concluded by many researchers through their potential explorative works that by means of both nanofluids together with porous media enhances the degree of heat transmission in a thermal system [22] .
Over the years numerous studies dealing with mechanisms of natural convection heat transfers within a porous media have been conveyed [23] [24] [25] [26] [27] [28] . On the other hand; many of these studies considered that saturated fluid and porous matrix are locally in the state of thermal equilibrium (LTE) when studying transport phenomenon in porous media. Studying of convective flow in porous cavities considering the LTE model was the subject through the last periods and that can be found in different review papers like Nield and Bejan [29] , and Nield [30] . In fact, in many applications supposition of LTE among the phases of fluid and solid is inappropriate; since the temperatures of nanofluid and porous matrix are unalike, and that causes the local thermally non-equilibrium (LTNE) state. In some practical applications: cooling electronic devices, solar collectors for renewable energy, and cooling of nuclear reactors LTNE model is imperative. Likewise, assumptions of LTNE and LTE amidst the phases of solid and fluid are not sufficient for several applications.
Recently, a number of published papers studying natural convection heat transfer considering the LTNE model are also approved. In this light Al-Amiri [19] used two-energy equations model for the numerical simulation of natural convection heat transfer in a heated square cavity drenched in a permeable medium. An investigation on steady natural convection flow and heat transfer in a square porous enclosure was initiated and explored by Baytas and Pop [31] considering LTNE model to advance the heat transmission rate. They found that consideration of LTNE model amends expressively the flow behavior, especially the local Nusselt number. Hossain and Wilson [32] studied unsteady laminar natural convection flow in a cavity of rectangular type embedded in a fluid-saturated permeable medium considering LTNE model. They presented the effects of internal heat generation and porosity of the medium on both streamlines and isotherms. They compared their results with the results obtained by using the LTE model. Wu et al. [33] have taken into account the LTNE and Brinkman-Forchheimer extended Darcy model and have studied numerically the free convection in a porous rectangular cavity. Using sinusoidal thermal boundary conditions on the vertical walls, they concluded that an increased Nield number as well as thermal conductivity ratio boosted the heat transfer rate. The effect of LTNE state between solid matrix and the saturated fluid in a slender enclosure was investigated numerically by Pippal and Bera [34] . It was reported that heat transmission rate become maximum for the lowest assessment of the aspect ratio irrespective of the types of states whether LTE or LTNE. Mahmoudi et al. [35] studied heat transfer in a channel partially filled with porous medium considering LTNE model. It was established that rate of heat transfer highly affected by the applied interface model. Sheremet et al. [36] used the Tiwari and Das [37] nanofluid model and studied convective heat transfer in a square porous enclosure considering two temperature equations: one for nanofluid and other for the solid matrix. They found that increased nanoparticles volume fraction represses the convective flow. On the other hand Nield number decreases the heat transfer rate with the increase of it. Recently, Sheikholeslami and Shehzad [38] have used two-temperature model and investigated convective heat transfer flow of nanofluid in a porous enclosure. They obtained an opposite relationship between the temperature gradient and the porosity. Mehryan et al. [39] studied convective flow of micropolar nanofluid in a porous enclosure considering LTNE model. They reported that nanofluid flow can be modeled through the classical Navier-Stokes equations when the porosity of the medium is large.
From the above-literature review, we notice that the conditions for the existence of LTNE and LTE among the solid matrix and the nanofluid are not yet reported. It is very important to detremine the conditions and identify the key model parameters which will regulate the heat exchange between the nanofluid and the solid matrix to reach in LTNE or LTE states when modeling nanofluid flow in a porous medium. This is the main focus of this research. Thus, a numerical study is piloted using Darcy-Brinkman model to investigate the convective flow and heat transfer mechanisms in a nanofluid saturated porous right-angle trapezoidal cavity considering LTNE among the porous matrix and passing nanofluid taking into account Tiwari and Das [37] model.
PHYSICAL MODEL

Model specification
We study convective flow in a right-angle trapezoidal enclosure implanted in a homogeneous porous medium occupied by incompressible nanofluids. The flow inside the enclosure is anticipated to be two-dimensional, unsteady, and laminar. The Cartesian coordinates: x -axis is assumed along the bottom horizontal wall of the enclosure while the y -axis is perpendicular to it. The gravity is acted along the negative y -axis. The lengths of the right vertical, bottom and upper walls are , and , respectively, where > . The top and bottom walls of the cavity are thermally insulated; while the left inclined and right vertical side walls of the cavity are kept at uniform temperatures h T and c T , respectively. In all circumstances, ℎ > is upheld. All boundaries of the trapezoidal enclosure are supposed to be rigid and there are no-slips on them. The diagram of the model along with coordinates system is shown in Figure 1 . We considered that nanoparticles and base fluids are in thermal equilibrium and there is no-slip among them. We further considered that temperatures of the porous matrix and passing nanofluid are dissimilar i.e. they are in local thermal nonequilibrium state and the pores are uniform. For numerical simulation Cu-H2O nanofluid is used with Aluminum foam as a porous medium. 
Mathematical modeling
Following afore-said assumptions and taking into account the Darcy-Brinkman model for transport in porous media [40] [41] ; the dimensional equations which govern the present study are as follows [36] [37] Here and are the velocity components along the -and -axes respectively, g is the acceleration due to gravity, p is the pressure, is the temperature of the nanofluid, is the temperature of the solid matrix, 0 = ℎ + 2 is the reference temperature where ℎ is the temperature of the hot wall and is the temperature of the cold wall, is the density of nanofluid, ( ) is the heat capacity of nanofluid, ( ) is the heat capacity of solid matrix, is the time, is the thermal conductivity of nanofluid, is the thermal conductivity of the solid matrix, ℎ is the interface heat transfer coefficient between the nanofluid and solid matrix,  is the porosity, is the dynamic viscosity of nanofluid, and nf  = /ε is the effective viscosity [42] in a porous medium.
Thermophysical properties of nanofluids
The thermal performance of a nanofluid depends on its thermophysical properties such as density, viscosity, thermal conductivity, heat capacitance, thermal diffusivity, and thermal expansion coefficient. In the present study the following correlations are used for them:
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Here  is the nanoparticles volume fraction. The definitions of the variables and their units are are listed in the nomenclature. In Table 1 we have listed the effective thermophysical properties of Cu-H2O nanofluid [45] and Aluminum foam (AF). 
Initial and boundary conditions
The boundary conditions as shown in Figure 1 
Dimensionless governing equations
Dimensional analysis gives freedom to analyze a system irrespective of their material properties that constitute it. Dimensionless equations provide an insight of the key controlling parameters of a physical system. The obtained results from these equations do not depend on the size of the physical domain. One can simply get acumen of the physical problem before doing any experiment. Because of these benefits it became an essential mathematical tool for fluid mechanics.
To make the governing equations dimensionless we introduce the following: 
Using (17) into (1)- (5) 
where
is the Nield number, = is the ratio of diffusivities, and = is the ratio of conductivities.
Using (17) into (13)- (16), we obtain the following dimensionless boundary conditions At the bottom wall of the cavity: 0 ≤ ≤ 1, = 0
At the top wall of the cavity:
At the left wall of the cavity: 
NUMERICAL METHOD
The dimensionless system of governing equations (18)- (22) and boundary conditions (23)- (26) are treated numerically by means of the pde solver "Comsol Multiphysics" that uses FEM of Galerkin type. Zienkiewicz and Taylor [46] , Uddin and Rahman [47] and Al-Kalbani et al. [48] gave a well description for the details of this method. For using Comsol Multiphysics it is important to generate mesh, choose suitable solver and then for the convergence of the obtained solution test the grid sensitivity. Moreover, it is good to validate the simulated results with the available numerical data published earlier.
Figure 2(a). Mesh within the cavity
Figure 2(b). Zoom-in the upper right-corner of the cavity
Construction of meshes
Mesh generation is an important step in FEM that divides the physical domain into a set of sub-domains. The discrete locations in FEM are defined by the numerical grid, at which the variables are to be calculated. Meshing complicated geometry makes FEM a powerful method to handle the boundary value problems in science, engineering and other applications. Figure 2 depicts the grid generation and a legend of quality measure of the cavity.
Tests for grid sensitivity
A grid independent test is done when Ra=10 5 , ∅ =0.05, ε =0.9 , Ni=10, Da=0.1, and τ =1. considering Cu-H2O nanofluid and Aluminum foam as a porous medium inside the cavity. Five non-uniform grids such as normal, fine, finer, extra fine and extremely fine were tested having 1241, 1988, 5547, 14610, and 20954, respectively, number of elements within the resolution field. The numerical experiment is done calculating the average Nusselt number displayed in Table 2 on the left inclined wall of the cavity for the aforementioned elements to test the grid fineness. The average Nusselt numbers for 14610 elements show a high accuracy when compared with the corresponding results of 20954 elements. Therefore, either of 14610 and 20954 grid elements guarantees the results with certain accuracy. In our study we used 14610 elements for the numerical simulation.
Corroboration of the numerical code
Due to the scarcity of the experimental data, the current simulated results were compared with the numerical results of Sheremet et al. [36] for a special case. They studied steady free convection flow in a square enclosure filled with Cu-H2O nanofluid and aluminum foam as solid matrix when the model parameters are Ra=10 3 , ∅ =0.05, ε =0.9 and Ni=100. The comparison among the data presented in Table 3 gives a good agreement with our study. This corroboration lifts the assurance in using the current code. 
RESULTS AND DISCUSSION
In this section we analyzed the simulated results to investigate the local thermal nonequilibrium (LTNE) conditions for a free convective heat transfer flow of nanofluid inside the right-angle trapezoidal enclosure in a porous medium. The default parameter values for the numerical simulations are considered to be Ra=10 5 , Da=0.1, Ni=10, ε =0.6 , ∅ =0.05, and τ =1 (steady state) unless otherwise specified and all calculation are taken considering Cu-H2O nanofluid with Aluminum foam as a porous medium. The effects of the key parameters such as Nield number, Darcy number, porosity of the porous medium and the nanoparticles volume fraction on the temperature distributions of the nanofluid in addition to the solid matrix along the linesY=X and Y=2X-0.05 are presented graphically with the parameter range (10 ≤ Ni ≤ 10 5 ), (10 −5 ≤ Da ≤ 10 −1 ), 0.4 ≤ ε ≤ 0.9, and 0 ≤ ∅ ≤ 0.1. Figures 3(a) -(d) and 4(a)-(d) display the variations of isotherms of both nanofluids, and porous matrix within the cavity varying Nield number. It is found that isotherms of nanofluid typify a reduction in the heat transfer rate by aggregating the Nield number. It is also found that isotherms in fluid phase reveal a convective heat transfer that is week whereas in the solid phase it is intensive. That is due to the intensification in the heat transfer rate among the nanofluid and the porous matrix.
For large Nield number (Ni = 10 5 ) it is obvious that the isotherms of nanofluid and solid matrix are alike. In other words, the temperature distributions in the enclosure are analogous which denotes obviously that the nanofluid and solid matrix are reached to the LTE state which can be investigated clearly from Figures 5(a)-(c) and 6(a)-(c) . In Figures 5(a)-(c) and 6(a)-(c) , the dimensionless temperature profiles varying Nield number along the diagonal (Y=X) This result is a new finding and has not been reported in the literature before. Figures 13(a) -(c) demonstrate the influence of nanoparticles volume fraction (∅) on the distributions of temperature of nanofluid and porous matrix along the line (Y=X). It is clear from this figure that the local thermal exchange between the nanofluid and the porous matrix due to effects of nanoparticles volume fraction (∅) is negligible which can also be clearer from Figures 14(a)-(b) and 15(a)-(b) 
CONCLUSIONS
In this study we investigated numerically the unsteady natural convective heat transfer in a nanofluid saturated porous right-angle trapezoidal cavity taking into consideration of LTNE state among the nanofluid and the porous matrix. On the other hand nanoparticles and the base fluid are considered to be in LTE state. Incompressible Cu-H2O nanofluid is used as the passing fluid with homogeneous Aluminum foam having uniform pores as a porous medium. Two-temperature equations have been considered in this model, one for the nanofluid and another for the solid matrix. The heat transport configurations within the cavity are presented displaying isotherms. Moreover, LTNE model is used to describe the dimensionless temperature profiles within the cavity for nanofluid and porous matrix. The dimensionless temperature profiles were calculated along two different lines which are the diagonal ( = ) of the cavity and along the line ( = 2 − 0.05) which is close to the inclined wall of the enclosure.
From our studied numerical results, we conclude that exchange of heat among the nanofluid and the porous matrix is significantly controlled by the Nield and Darcy numbers. Thus, Darcy number is identified as an important parameter for regulating heat exchange between the nanofluid and solid matrix when passing nanofluid through a porous medium.
We found that for Da = O(10 −5 ), the passing nanofluid and the solid matrix reach in thermal equilibrium regardless of the values of Nield number. Likewise, the nanofluid and the porous matrix reach in thermal equilibrium state when = O (10 5 ) no matter what is the value of the Darcy number. The nanoparticles volume fraction and the porosity of the medium do not have much influence on the exchange of heat among the nanofluid and the porous matrix.
In addition, it is important and interesting to extend this study considering non-uniform pores of the porous medium taking into account porous matrix, base fluids, and solid nanoparticles are at LTNE states. A detailed research work in this line is in progress and the outcomes will be reported in a further communication. 
